Gemin5 acts as a U1 small nuclear RNA (snRNA)-binding protein in U1 small nuclear ribonucleic protein (snRNP) biogenesis. Here, we report a role for Gemin5 in unassembled U1 snRNP disposal under survival of motor neuron (SMN) protein-deficient conditions. We demonstrate that non-Sm protein-associated U1 snRNA and U1A are enriched in cytoplasmic granules and colocalize to P bodies in SMN-deficient cells. Immunoprecipitation assays show increased associations of the U1 snRNP component U1A with P body components and Gemin5 in SMN-deficient cells. More importantly, Gemin5 knockdown eliminates the unassembled U1 snRNP granules and rescues U1 snRNA levels in SMN-deficient cells. Taken together, our study provides direct evidence that Gemin5 is involved in unassembled-U1 snRNA disposal under conditions of SMN deficiency.
The complete U1 small nuclear ribonucleic protein (U1 snRNP) complex consists of U1 small nuclear RNA (U1 snRNA), specific associated proteins (U1A, U1-70K, and U1C), and common Sm core proteins (SmB/B', D1, D2, D3, E, F, and G) [1, 2] . U1 snRNP is involved in spliceosome assembly and plays a crucial role in mRNA splicing [3] . In addition to its splicing role, U1 snRNP regulates mRNA telescripting and, thus, plays an essential role in cellular RNA metabolism [4] .
The survival of motor neuron (SMN) protein complex-mediated assembly of the Sm core of the U1 snRNP is an important step in U1 snRNP biogenesis [5] [6] [7] [8] [9] . Assembly of the Sm core proteins helps maintain the stability of nuclear-exported U1 snRNA in the cytoplasm and facilitates nuclear import of assembled U1 snRNP and mRNA splice site recognition [10] [11] [12] . The functional units of the SMN complex involved in Sm core protein assembly in the U1 snRNP assembly pathway include Gemin5, Gemin3-Gemin4, SMNGemin2, and a subunit comprising Gemin6, 7, and 8, and Unrip [8, 9, [13] [14] [15] [16] . These functional units of the SMN complex are responsible for the recruitment of pre-U1 snRNP, the delivery of pre-U1 snRNP, and the colocalization of Sm proteins during U1 snRNP assembly processes. Once the pre-U1 snRNP and Sm proteins are recruited by functional units of the SMN complex, the Sm core proteins and pre-U1 snRNP separately associate with Gemin proteins to form intermediates in U1 snRNP biogenesis [5] [6] [7] [8] [9] . The interactions among the Gemin proteins facilitate the assembly of the SMN complex, which promotes interactions between pre-U1 snRNP and Sm proteins. With aid from the SMN complex, the Sm core proteins are assembled onto preassembled-U1 snRNP, which is Abbreviations DMP, dimethyl pimelimidate; FISH, fluorescence in situ hybridization; IF, immunofluorescence; qPCR, quantitative PCR; RNP, ribonucleic protein; RT, room temperature; SMA, spinal muscular atrophy; SMN, survival of motor neuron; snRNA, small nuclear RNA; snRNP, small nuclear ribonucleic protein; WT, wild-type. then processed into mature U1 snRNP in subsequent steps of U1 snRNP biogenesis [14, 16, 17] .
The SMN protein is essential for U1 snRNP assembly, and insufficient SMN levels impair U1 snRNP biogenesis [18] . SMN was recently shown to be responsible for the direct recruitment of preassembled-U1 snRNP in the U1 snRNP assembly pathway via interactions with U1-70K and U1 snRNA [9] . Additionally, the SMN protein is involved in the formation of Sm cores containing intermediates during SMN complex assembly and helps deliver the Sm core for U1 snRNP assembly via interactions with Gemin proteins [19, 20] . Thus, SMN deficiency impairs the direct recruitment of pre-U1 snRNP and Sm assembly during U1 snRNP biogenesis.
Spinal muscular atrophy (SMA) is a motor neuron disease caused by a deficiency in the SMN protein [21] [22] [23] . In addition to the reduction in Sm-associated U1 snRNP levels, the level of U1 snRNA is decreased in animal and cell culture models of SMA [24] . P bodies are responsible for RNA decay and RNP storage and are important for RNA disposal in cells [25] . Previous studies demonstrated that knockdown of P body components elevates U1 snRNA levels and partially rescues the defects in U1 snRNP-regulated RNA metabolism in SMN-deficient cell [26] . The study introduced the possibility that P bodies may be involved in the disposal of unassembled-U1 snRNA in SMN-deficient cells. However, direct evidence of an association between unassembled-U1 snRNA and P bodies is lacking. More importantly, it is unclear how the unassembled-U1 snRNA is transported to P bodies for degradation in states of SMN deficiency impaired U1 snRNP biogenesis. Here, we investigated alterations in U1 snRNP biogenesis in SMN-deficient cells with the aim of understanding the disposal of unassembled-U1 snRNA and the factors that contribute to the association of U1 snRNP biogenesis with P bodies in SMN-deficient cells.
Materials and methods

Antibodies and plasmids
The primary antibodies used in this study include antibodies against U1A (sc-101149; Santa Cruz, Dallas, TX, USA), Sm B (sc-25372; Santa Cruz), SMN (sc-15320; Santa Cruz), Gemin3 (11324-1-AP; ProteinTech Group, Wuhan, China), Gemin4 (sc-166418; Santa Cruz), Gemin5 (24897-1-AP; ProteinTech Group), DCP1A (22373-1-AP; ProteinTech Group), EDC4 (17737-1-AP; ProteinTech Group), Gemin1 (ab5831; Abcam, Cambridge, MA, USA), GAPDH (60004-1g; ProteinTech Group), Tubulin (66031-1-Ig; ProteinTech Group), and Actin (23660-1-AP; ProteinTech Group 
RNA interference
For small-interfering RNA-mediated knockdown of Gemin5, WT cells, HS 17 cells and HS 66 cells were transfected with Gemin5 siRNA or control siRNA using the LipofectamineÒ RNAiMAX reagent, as previously described [16] . After 48 h, the cells were harvested for western blotting, After incubation, the beads were washed six times with lysis buffer. The beads were then eluted with 29 SDS loading buffer lacking DTT and incubated for 10 min at 50°C. The beads were subsequently centrifuged, and the supernatants were transferred to new tubes. Finally, DTT (100 mM) was added, and the samples were boiled at 95°C for 10 min and loaded onto SDS/PAGE gels for western blot analyses.
Western blot analysis
For western blot analyses and immunoprecipitations, the cells were lysed with lysis buffer (Beyotime, Nantong, China) and mixed with an equal volume of 29 SDS loading buffer. A standard protocol for western blotting was then performed.
RNA extraction, cDNA synthesis, and quantitative PCR Total RNA was extracted from the cells using a standard TRIzol RNA extraction protocol, and cDNAs were prepared from 0.5 lg of total RNA using a High-Capacity cDNA Reverse Transcription Kit (Thermo Scientific, Waltham, MA, USA). For quantitative PCR (qPCR) analysis, the cDNAs were used as the qPCR template, and qPCR was performed using AceQ qPCR SYBRÒ Green Master Mix (Vazyme, Nanjing, China) with low ROX in an ABI 7900HT system. The resulting data were analyzed using the double delta Ct analysis method. The primers used for detecting U1 snRNA in the qPCR assay were U1 snRNA-F (5 0 -TGATCACGAAGGTGGTTTTCC-3 0 ) and U1 snRNA-
The primers used for detecting the internal control in the qPCR assay were 5.8S rRNA-F (5 0 -CGGCTCGT GCGTCGAT-3 0 ) and 5.8S rRNA-R (5 0 -CCGCAAG TGCGTTCGAA-3 0 ).
Immunofluorescence staining
The cells were seeded in 20-mm glass-bottom cell culture plates, and after 24 h, the cells were incubated with 4% paraformaldehyde in PBS for 10 min. The cells were then permeabilized with PBS containing 0.3% Triton X-100, washed three times with PBS and incubated with primary antibody diluted in 1% BSA in PBS for 1 h at room temperature (RT). After washing, the cells were incubated with 
Fluorescence in situ hybridization (FISH)
Cells were seeded into a 20-mm glass-bottom cell culture plate. After 24 h, the cells were fixed with 4% paraformaldehyde in PBS for 10 min. The cells were then washed three times with PBS and permeabilized with 70%, 80%, 90%, and 100% ethanol for 3 min each. The cells were subsequently washed twice with 29 SSC containing 10% formamide. After washing, the Tamra/FAM-labeled DNA probe was diluted to a concentration of 0.5 ngÁmL
À1
with probe hybridization solution (10% formamide, 29 SSC, 0.5 mgÁmL À1 yeast tRNA, 10% dextran sulfate, 50 lgÁmL À1 BSA, and 10 mM of RNA inhibitor). The cells were then incubated with the probe for 3 h at 37°C. The FAM-labeled DNA probe used in detecting of U1 snRNA was
The FAM-labeled DNA probes used in detecting of U2 and U6 snRNAs were as described in a previous study 
Results
Identification of unassembled-U1 snRNP granules in SMN-deficient cells
We established SMN-deficient cell lines via the ZFNmediated genome editing method [28, 29] to determine the alterations in U1 snRNP biogenesis and the disposal of unassembled U1 snRNA in SMN-deficient cells. The ZFN pairs targeting the first exons of the SMN1 and SMN2 loci on chromosome 5 are shown in Fig. S1A . We established two SMN-deficient cell lines designated HS17 and HS66 using the ZFN editing method. The strategy used for cDNA cloning and the identification of frameshift mutations in SMN1 and SMN2 are shown in Fig. S1B ,C. The levels of SMN protein in these cell lines were reduced by 80-90% compared with that in normal HeLa cells (Fig. 1A,B) . We further assessed the effect of SMN deficiency on U1 snRNP via FISH-IF assay. WT and SMN-deficient HeLa cells were costained with antibodies against U1A and a FAM-labeled DNA probe targeting U1 snRNA to detect U1 snRNP. Although U1 snRNP foci colabeled with U1A and U1 snRNA probes were observed in the cells, the number of U1 snRNP foci per nucleus was markedly reduced in the SMN-deficient cells (Fig. 1C,D) . Strikingly, in addition to the loss of the majority of colocalized U1A and U1 snRNA in nuclear U1 snRNP foci in SMN-deficient cells, we observed an enrichment of U1A and U1 snRNA in granule structures in the cytoplasm (Fig. 1C, blue arrowheads) . Normally, U1A and U1 snRNA are associated with Sm protein in mature U1 snRNP. [9, 16, 30] . Therefore, we subsequently examined whether the U1 snRNP-enriched granule structures were associated with Sm protein. We costained U1A and SmB protein with antibodies for IF analysis. Our results showed that the U1A-labeled U1 snRNP granules in the cytoplasm did not colocalize with SmB (Fig. 1E) . SmB protein is a major component of Sm cores in complete U1 snRNP. Therefore, these results indicate that the U1A and U1 snRNA enriched in cytoplasmic granules are non-Sm core assembled.
In the cytoplasm, unassembled-U1 snRNP is closely involved in U1 snRNP biogenesis processes via interactions with Gemin proteins in the SMN complex [9, 14, 16, 30] . We examined the associations between cytoplasmic granule-associated U1A and Gemin proteins, which are involved in preassembled-U1 snRNP delivery and binding in the SMN complex prior to Sm protein assembly [9, 16] . We performed IF staining to examine the colocalization of U1A in unassembled U1 snRNP granules with SMN, Gemin3, Gemin4, and Gemin5 in SMN-deficient cells. Although the number of Gemin-labeled foci was markedly decreased in nuclei, SMN, Gemin5, Gemin3, and Gemin4 colocalized with U1A in cytoplasmic unassembled-U1 snRNP granules ( Fig. 2A-D) . These proteins are all involved in the delivery and binding of pre-U1 snRNP in the U1 snRNP assembly processes mediated by the SMN complex. Thus, the colocalization of unassembled-U1 snRNP granules and Gemin proteins suggested that unassembled-U1 snRNP in cytoplasmic granules of SMN-deficient cells is associated with the SMN complex involved in U1 snRNP biogenesis.
Unassembled-U1 snRNP granules are associated with P bodies in SMN-deficient cells
Previous studies demonstrated a failure in the Smmediated assembly of U1 snRNP in SMN-deficient cells followed by P body-mediated unassembled-U1 snRNA decay [26] . Normally, the U1 snRNP assembly pathway has successive steps that guide the flow of U1 snRNA into Cajal bodies [31] . However, our data from SMN-deficient cells indicated that disorders of the U1 snRNP assembly pathway alter the flow of U1 snRNA and result in the accumulation of U1 snRNA in unassembled U1 snRNP cytoplasmic granules (Figs 1 and 2) . We therefore sought to determine whether unassembled U1 snRNP granules are associated with P bodies in SMN-deficient cells.
The DCP1A and EDC4 proteins, which have been shown to function in RNA degradation in P bodies [32] , were used as P body markers in IF staining. We costained cells with antibodies against these P body markers and U1A. Unassembled U1 snRNP was invariably localized in the P bodies of SMN-deficient cells (Fig. 3A,B) . Combined with the results that unassembled-U1 snRNA was located in unassembled U1 snRNP granules in SMN-deficient cells (Fig. 1) , the colocalization of unassembled U1 snRNP granules and P bodies suggested that P bodies directly interact with unassembled U1 snRNA during U1 snRNP biogenesis under conditions of SMN deficiency. These results indicated that the unassembled U1 snRNP granules in SMN-deficient cells may be involved in U1 snRNA disposal.
Gemin5 knockdown elevates U1 snRNA levels in SMN-deficient cells
The evidences from IF showed SMN deficiency indirectly connects the U1 snRNP biogenesis to P body. A previous study showed that in addition to binding pre-U1 snRNP, Gemin5 also interacts with P body components [33] . Thus, we further sought to determine whether Gemin5 plays a role in the connection between U1 snRNP and P bodies in SMN-deficient cells.
We first determined the association of DCP1A and Gemin5 via immunoprecipitation in SMN-deficient cells. Our results showed that associations of DCP1A and Gemin5 were increased in SMN-deficient cell lines compared with WT controls (Fig. 4A,B) . We further analyzed the association of U1A with DCP1A and Gemin5 via immunoprecipitation. Our results showed that U1A-associated DCP1A and Gemin5 are significantly increased in SMN-deficient cells ( Figs 4C,D and S2 ). These results indicated that Gemin5 may play a role in unassembled-U1 snRNA disposal in SMN-deficient cells.
To further confirm the role of Gemin5 in disposal of unassembled-U1 snRNA SMN deficiency conditions, we performed Gemin5 knockdown in WT and SMNdeficient HeLa cells and assessed U1 snRNA-labeled unassembled-U1 snRNP granules in SMN-deficient cells with Gemin5 knockdown. Our results showed that Gemin5 knockdown significantly eliminated the U1 snRNA-labeled unassembled-U1 snRNP cytoplasmic granules in SMN-deficient cells ( Figs 4E,F and   S3 ). Conversely, Gemin5 overexpression in HeLa cells induced the formation of U1 snRNA foci associated with P body and increased the interaction between U1A and DCP1A (Fig. S4A,B) . These results support a role for Gemin5 in the connection between U1 snRNP and P bodies.
Previous studies have shown that P bodies are involved in U1 snRNA disposal in SMN deficiency. We therefore sought to determine whether the release of unassembled-U1 snRNA from P bodies observed upon Gemin5 knockdown could rescue U1 snRNA levels in SMN-deficient cells. Therefore, we examined U1 snRNA levels in SMN-deficient cells after Gemin5 knockdown. As shown by qPCR analysis, the decrease in U1 snRNA levels in SMN-deficient cells was rescued by Gemin5 knockdown, as expected (Fig. 4G) . These results indicate the function of unassembled-U1 snRNP granules in U1 snRNA degradation and revealed the role of Gemin5 in U1 snRNA disposal in SMN-deficient cells.
Discussion
Our findings demonstrate that the cytoplasmic U1 snRNP, which is not associated with Sm protein in SMN-deficient cells, functions as a U1 snRNP disposal site that connects U1 snRNP with P bodies. We also show that Gemin5 plays an essential role in the association between unassembled U1 snRNP and P bodies in SMN-deficient cells. Thus, we proposed that Gemin5-mediated delivery of unassembled-U1 snRNP constitutes a connective passage that directs the unassembled-U1 snRNA into P bodies in U1 snRNP biogenesis under condition of SMN deficiency.
P bodies have been associated with the SMN complex in various ways and can adapt to cellular events under different conditions [34] [35] [36] . However, conclusive evidence describing how P bodies associate with the SMN complex is lacking. In the present study, we demonstrate that the binding of Gemin5 to U1A and P body components increased in SMN-deficient cells and that Gemin5 mediates the association of unassembled U1 snRNP with P bodies. The data provide an insight in Gemin5 0 s function in association between SMN complex and P body.
In the present study, we show that Gemin3 and Gemin4 are also located in cytoplasmic U1 snRNA granules in SMN-deficient cells (Fig. 2) . Gemin3 and Gemin4 generally form a dimeric complex and directly interact with SMN, Gemin5, and other Gemin proteins in the SMN complex [16, 37] . Although Gemin3 is thought to be an RNA helicase, it does not function as a direct binder or in the delivery of U snRNA to the SMN complex. In previous studies, U snRNA was found to directly bind to Gemin5 and SMN but not Gemin3 or Gemin4. Hence, unlike Gemin5, Gemin3 and Gemin4 are not major proteins involved in U1 snRNA binding and delivery to the snRNP complex [38, 39] . Therefore, we have excluded the possibility that Gemin3 and Gemin4 directly deliver unassembled-U1 snRNA to P bodies for U1 snRNA decay. Our data also have shown that Gemin5 knockdown can disrupt the formation of U1 snRNA foci which is colocalization with P bodies. Conversely, Gemin5 overexpression facilitates the formation of U1 snRNA foci associated with P body. The results address Gemin5 0 s function in formation of P bodyassociated U1 snRNA foci. We also observed the increase in association of Gemin3 with DCP1A in Gemin5 overexpression cells (Fig. S5) . These results suggested that the Gemin3 may be a downstream factor in formation of P body-associated U1 snRNA foci. Previous studies showed that Gemin3/Gemin4 can interact with EIF2C2 (Ago2) which functions in RNA-processing factors recruiting and associates with P bodies in some certain situation [40] . The evidence introduces the possibility which Gemin3/Gemin4 may serve as another anchor of U1 snRNA foci at P body besides the Gemin5. Hence, the Gemin3 and Gemin4 involving in U1 snRNA foci may facilitate the Gemin5 to recruit and anchor the RNA-processing machine in P body.
We propose a model to illustrate the mechanism of Gemin5 involvement in unassembled U1 snRNP disposal in SMN-deficient cells (Fig. 5) . In this model, we emphasize that Gemin5-associated unassembled U1 snRNP accumulated in SMN-deficient cells and were delivered to P bodies in a Gemin5-dependent manner; the accumulation of Gemin5-associated unassembled U1 snRNP in the cytoplasm provides a site for degradation of unassembled U1 snRNA.
In the present study, other highly abundant U snRNAs, such as U2 snRNA and U6 snRNA, were not found to be enriched in granule structures associated with Gemin proteins in the cytoplasm of SMNdeficient cells (Fig. S6) . These results indicated that the Gemin protein and unassembled-U1 snRNP involving granules may be special for U1 snRNP disposal in SMN-deficient cells which different from the U bodies reported in previous studies [41] . U1 snRNA is recognized and bound by a different domain of Gemin5 that contains the WD domain and an additional 124 amino acids located C terminal to the WD domain [15] . Therefore, we propose that U1 snRNA recruited by Gemin5 undergoes a different series of processing steps compared with that of other U snRNAs in SMN-deficient cells. Although evidence on the disposal of other U snRNAs in SMN deficiency is lacking, the Gemin5-mediated association of unassembled U1 snRNP and P bodies may provide essential information regarding the disposal mechanism for other snRNAs in SMN-deficient cells. The molecular mechanism underlying the alterations in the repertoire of Sm-class U snRNAs and the roles of Gemin5 in different U snRNP biogenesis pathways in SMN-deficient cells should be investigated further. Additionally, although the Gemin5 knockdown can dismiss the cytoplasmic U1 snRNP granules labeled by U1 snRNA and elevate the U1 snRNA level in SMN-deficient cells, we have not observed the restored U1 snRNA foci in nucleus of SMN-deficient cells. The reason for this finding may be due to U1 snRNP assembly and normal location of U1 snRNA in nucleus requiring a highly effective SMN complex in addition to sufficient U1 snRNA flow.
Taken together, our study presents direct evidence of the disposal of unassembled U1 snRNA in SMNdeficient cells. More importantly, Gemin5 plays a role in the association between U1 snRNP biogenesis and P bodies by directing unassembled U1 snRNA to P bodies for degradation during U1 snRNP biogenesis under SMN-deficient conditions. 
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . ZFN pairs induce frameshift mutations in the SMN gene loci. Fig. S2 . U1A and U1-70K are maintained at normal levels in the nucleus and cytoplasm of SMN-deficient cells. Fig. S3 . U1 snRNA cytoplasmic foci in SMN-deficient cells are dependent on Gemin5. Fig. S4 . Gemin5 overexpression connects U1 snRNA to P body. Fig. S5 . Gemin5 overexpression increases the association of Gemin3 with DCP1A. Fig. S6 . U2 and U6 are not enriched in cytoplasmic granules in SMN-deficient cells.
